Cytochrome P450 (CYP) 4F mediated leukotriene B 4 (LTB 4 ) metabolism modulates inflammation during injury and infection. Here we show that in addition to LTB 4 , the recombinant rat CYP4Fs catalyze x-hydroxylations of lipoxin A 4 , and hydroxyeicosatetraeonic acids. CYP4F gene regulation studies in primary hepatocytes reveal that pro-inflammatory cytokines interleukin (IL) -1b, IL-6 and tumor necrosis factor (TNF) -a produce a general inductive response whereas IL-10, an anti-inflammatory cytokine, suppresses CYP4F expression. The molecular mechanism behind IL-6 related induction of CYP4F4 and 4F5 is partially signal transducer and activator of transcription 3 (STAT3) dependent. When hepatocytes are subjected to high concentrations of LTB 4 or prostaglandin E 2 , lipid mediators of inflammation, only an increase in CYP4F5 mRNA expression is observed. Collectively, the results from isozyme activity and substrate driven CYP4F induction do not support the notion that an autoregulatory pathway could control the excessive concentrations of LTB 4 during an inflammatory challenge to hepatocytes.
Although inflammation is an integral part of the host defense mechanism against pathogens or tissue injury, it often produces a myriad of unwanted complications. Immediately after injury or bacterial infection, polymorphonuclear leukocytes (PMNLs) are activated and recruited to the site of inflammation by soluble mediators causing cell adherence, transcapillary migration and chemotaxis [1] . Eicosanoids such as LTB 4 and hydroxyeicosatetraenoic acids (HETEs) are potent chemotactic agents, which act primarily on PMNLs to enhance their adherence to endothelial tissue [2, 3] . Metabolism of LTB 4 by cytochrome P450 (CYP) 1 4F3 to the 20-hydroxy derivative in the PMNL leads to dramatic loss of its chemotactic and aggregation activity [4, 5] . Additionally CYP4Fs are responsible for removal of circulating LTB 4 in the liver, a major organ for this inflammatory mediator inactivation [6] [7] [8] [9] [10] [11] . However, little is known about the regulation of hepatic eicosanoid uptake and their subsequent breakdown during either systemic or localized inflammatory conditions.
0003-9861/$ -see front matter Ó 2007 Elsevier Inc. All rights reserved. doi:10.1016/j.abb. 2007 .02. 027 Unlike CYP4As, which are induced by hypolipidemic drugs and peroxisomal proliferators [12] , the CYP4Fs are repressed after these treatments [13] [14] [15] . Recently, however, two separate reports confirmed that all-trans-retinoic acid induces CYP4F3 expression and increases its associated protein activity in differentiating human leukemia-60 cells [16, 17] . Christmas et al. have elegantly demonstrated that the CYP4F3 gene encodes two functionally distinct enzymes that differ only by the selection of exon 4 (CYP4F3A) or exon 3 (CYP4F3B) [18, 19] . CYP4F3A and 4F3B are generated from distinct transcription start sites in neutrophils and liver [18] and the alternate usage of exons 3 and 4 results in differential substrate preference and subsequent metabolism [19] .
Similar to the human isoforms, the heterologously expressed rat CYP4Fs are quite active against LTB 4 [15, [20] [21] [22] [23] [24] . The goals of this study were to test the catalytic activities of rat CYP4Fs against the eicosanoid substrates considered to play a role in inflammation. Secondly, we posited that the CYP4F subfamily might be able to modulate the extent of inflammation through control of these mediators. One way to provide support for this hypothesis is to test whether the expression of CYP4Fs changes during an inflammatory response, since these changes may be required to adjust the levels of these inflammatory mediators.
We have previously shown that lipopolysaccharide administration produces an isoform specific response in hepatic and renal CYP4F mRNA expression in both mice and rats [6, 25] . The present study investigates CYP4F regulation upon pro-and anti-inflammatory cytokine challenges. We also tested whether in silico-predicted binding of IL-6 response element binding proteins such as the signal transducer and activator of transcription 3 (STAT3) contribute to the IL-6 mediated effects on CYP4F gene expression. Finally we explored CYP4F participation in an autoregulatory pathway that might control LTB 4 metabolism.
Materials and methods

Materials
Male Fischer 344 (F344) rats (150-200 g) from Harlan SpragueDawley (Indianapolis, IN) were used for hepatocyte isolation. 5 0 Rapid amplification of cDNA ends by PCR (5 0 RACE) kits, Superscript II and Taq DNA polymerase, Cell culture medium (Waymouth's MB 752/1), insulin, antibiotics, murine recombinant IL-1b, IL-6, IL-10, TNF-a, Type IV collagenase and TA cloning vector kits were purchased from Invitrogen Life Technologies (Carlsbad, CA). Purified LTB 4 , prostaglandin (PG) E 2 and arachidonic acid were purchased from Cayman Chemical Company (Ann Arbor, MI). HETEs, lipoxins (LXs) and PGs were obtained from Funakoshi Co. (Tokyo, Japan). STAT3 inhibitor peptide was obtained from EMD Biosciences (San Diego, CA). CYP4F standard amplicons, primers and probes were custom synthesized by IDT DNA Technology Inc. (Coralville, IA). Saccharomyces cerevisiae, strain AH22 (a, leu2, his4, can1, cir1), was purchased from ATCC (Manassas, VA). The yeast expression vector pAAH5 carrying the ADH1 promoter and terminator was a gift from Dr. B.D. Hall, University of Washington. All other chemicals utilized in the experiments reported here, where not specifically defined, were of reagent grade quality or higher.
Recombinant expression of CYP4Fs in yeast cells
The cDNA clones for rat CYP4Fs were obtained as previously described [15, 21] . HindIII sites were engineered by polymerase chain reaction (PCR) on each end of CYP4F1, 4F4 and 4F5 cDNAs. The purified CYP4F constructs with HindIII sites were ligated into TA cloning vector PCR 2.1, transformed into Escherichia coli (DH5a) cells and grown on Luria-Bertani-Ampicillin selection media. Positive clones identified by EcoRI digestion were sent for sequencing (SeqWright Houston, TX) and the clones containing the complete sequence for each rat CYP4F isoform without any mutations were chosen for expression. The modified CYP4F cDNA fragments with HindIII sites at both ends were digested from PCR 2.1 and inserted into the HindIII sites of the pAAH5 vector. The CYP4F constructs were transfected into 100 lL competent yeast cells in the presence of 50% polyethylene glycol (PEG) 400 with a 1 h incubation at 30°C followed by 5 min incubation at 42°C. This mixture was plated on sterile YNBD agar plates (0.67% yeast nitrogen base, 2% glucose, 20 mg/L histidine and 2% agar) and incubated at 30°C for 3 days. Several colonies were picked and cultivated in concentrated SD medium (8% glucose, 5.4% nitrogen base without amino acids, and 160 mg/mL histidine) at 30°C with continuous shaking at 250 RPM [5] .
Microsome preparation
Yeast microsomes were prepared as described previously [5] . Briefly, cells were gently washed three times with ice cold sterile water, centrifuged at 3000g and resuspended in ice cold S 0.65 buffer (0.65 M sorbitol, 10 mM Tris, 0.1 mM EDTA and 0.1 mM DTT) containing a cocktail of protease inhibitors (1 mM PMSF, 1 lg/mL leupeptin and 0.7 lg/mL pepstatin). The resuspended cells were broken by passage through a French press three times at 4°C. The broken cells were centrifuged at 12,000g for 20 min and the supernatant fraction was collected. The supernatant was further centrifuged at 100,000g for 45 min, the pellet washed in fresh buffer and again centrifuged at 100,000g for 45 min. The final pellet was dissolved in buffer S 0.65 (1/10 of starting volume) lacking the protease inhibitors. Control microsomes were prepared from yeast transformed with the plasmid without an insert. The total protein concentration in microsomes was determined with the bicinchoninic acid procedure using bovine serum albumin (BSA) as the standard.
Eicosanoid activity assays
The activity assays for the eicosanoid substrates were performed using high performance liquid chromatography (HPLC) methods as previously described [26] [27] [28] [29] [30] [31] . LTB 4 x-hydroxylase activity was determined by incubating the reaction mixture containing CYP4Fs (6-10 pmol), 20 mM Hepes buffer (pH 7.5) including 340 mM sucrose, 1 mM EDTA, and 1 mM dithiothreitol (DTT), 1 mM NADPH, and 60 lM LTB 4 , in a total volume of 0.1 mL, at 37°C for 20 min. The reaction products were then extracted with ethyl acetate and measured. LXA 4 , LXB 4 and HETE xhydroxylation activities were determined using 60 lM concentrations of each substrate by the methods described earlier. Prostaglandin xhydroxylating activities were determined in 0.1 M sodium phosphate reaction buffer (pH 7.4) with 100 lM substrates. No significant difference in activities was observed upon addition of cytochrome b5 or cytochrome P450 reductase to the assay system due to the presence of endogenous NADPH-dependent reductases in the microsomes. For kinetic analysis of LTB 4 x-hydroxylation the reaction mixtures were incubated for 30 min. The activities were in the linear range for the incubation time from 0 to 40 min. The range of substrate concentrations used for the kinetic analysis were 0, 10, 20, 40, 60, 100 and 150 lM. Kinetic parameters were calculated using Hanes-Woolf's plot. Each data point is a mean of at least two independent determinations.
CYP4F transcription start site (TSS) identification by 5
0 RACE
To determine the transcriptional initiation site of CYP4F genes, the 5 0 RACE system was used according to the manufacturer's instructions.
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Using rat liver or brain total RNA (2 lg) as template, first-strand cDNA synthesis was performed using a gene specific primer called GSP1 for individual CYP4F isoforms listed in Supplementary Material Table S1 . Single-stranded cDNA was separated from unincorporated dNTPs and primer using GlassMax spin cartridges. A 5 0 -poly(C) tail was added using dCTP and terminal deoxynucleotidyltransferase. Poly(C)-tailed cDNA was amplified by PCR using an anchor primer supplied with the kit and the second gene specific primer GSP2 corresponding to each isoform (Supplementary Material Table S1 ). The PCR product was used as template for a second round of PCR using nested primers supplied by the manufacturer and the third gene specific primer GSP3 for each isoform (Supplementary Material Table S1 ). The final PCR products, visualized on 1.5% agarose gels (Supplementary Figure S1) , were excised and gel purified using Quantum Prep Ò Freeze 'N Squeeze DNA gel extraction spin columns (Bio-Rad, Hercules, CA). Purified PCR DNA was subcloned into the TA cloning vector and individual clones were sequenced by SeqWright (Houston, TX).
Genome searches, in silico sequence analyses and accession numbers
The cDNA sequences from Accession Nos. BC081808, U39206 and U39207 were individually chosen to probe in silico DNA sequences homologous to the gene of interest. Using small stretches of these probes, basic local alignment search tool (BLAST) searches of GenBank against many databases in the Website of the National Center for Biotechnology Information of the National Institutes of Health (www.ncbi.nlm.nih.gov/) were performed. The accession numbes of sequences from the rat genome used in structure analysis of CYP4F1, 4F4 and 4F6 were AC109942, AC094689, AC109942.6, respectively. The genomic organization and intron-exon boundaries around CYP4F genes were determined by examining the consensus sequence following the 'gtÁ Á Áag' rule of intronic splicing. Genomic sequences encompassing exons of the CYP4F1, 4F4 and 4F6 genes were submitted to Genebank third party annotation program BANKIT (NCBI).
Hepatocyte isolation and culture
Rat hepatocytes were isolated by in situ collagenase perfusion as described previously [6] . The viability of hepatocyte preparations was between 70% and 85% (trypan blue exclusion) and the yield was 200-400 · 10 6 viable cells/liver. The hepatocytes were plated in Waymouth's medium containing 0.15 mM insulin on 60 mm culture dishes coated with 0.4 mL Matrigel (2.0 mg/mL) at a density of 3.5 · 10 6 cells/dish. Medium was changed to remove the dead cells 4 h after the plating and every 48 h thereafter. Due to rapid loss of CYP4F expression in the first 48 h (loss of up to 80%) after isolation, cells were cultured for 5 days before beginning treatments to allow for recovery of stable expression of CYP4Fs.
Treatments
Hepatocytes were treated on day 5 by changing to medium containing vehicle (called control elsewhere) or 5 ng/mL IL-lb, IL-6, TNF-a or IL-10. Hepatocytes were separately preincubated with either vehicle or 100 lM STAT3 inhibitor peptide (STAT3ip), followed by IL-6 challenge an hour later. For the eicosanoid study, cells were treated with either 1 lM LTB 4 , 0.3 lM PGE 2 , or 1 lM arachidonic acid. Eight and 24 h after treatment, cell viability assessed by trypan blue exclusion for control cells was similar to that of the treatments. None of the treatments resulted in any significant increases in the number of dead or living cells recovered from the culture medium.
RNA isolation and quantitative real time PCR (QRTPCR) analysis
Total RNA was prepared and all samples were DNAse treated using RQ1 DNAse (Promega, Madison, WI). The quality of the isolated RNA was assessed by electrophoresis on 1% agarose gels based on the integrity of 28S and 18S bands after ethidium bromide staining. CYP4F mRNA expression analysis was carried out using QRTPCR as described previously [13] . BLT1, BLT2 and r-cyclophilin reverse transcriptase PCR were performed with 1 lg of liver or isolated hepatocyte total RNA using the superscript one step RT-PCR kit (Invitrogen, Carlsbad, CA). After an initial step of reverse transcription at 50°C (30 min), PCR was done following conditions described in Supplementary Material Table S2 . To ensure that each PCR was performed within the linear range of amplification, test reactions were performed at 20, 25, 30 and 35 cycles. PCR products were resolved on 1.5% agarose gels and visualized using ethidium bromide staining.
Statistical analysis
QRTPCR results are presented as means ± SEM from at least five independent sets of samples replicated twice. Comparisons were made using one-way analysis of variance with a post hoc Tukey's multiple range test. Values of P < 0.05 were considered statistically different.
Results
Characterization of CYP4F activity for eicosanoid substrates
Recombinant rat CYP4Fs were expressed in a yeast system, microsomes were isolated for activity analysis [21] and the kinetic values were validated in parallel for 4F4, 4F5 and 4F6 with 4F1 for comparative purposes. The reduced CYP4F-CO complexes had typical absorption maxima at 450 nm. Control microsomes did not contain any substantial amount of CYP as judged from the CO difference spectra and showed no activity towards any of the substrates tested. The specific contents obtained for CYP4F1*, 4F4, 4F5 and 4F6 in the yeast expression system were 60, 72, 67 and 79 pmol P450/mg protein, respectively. Recombinant CYP4F microsomes showed appreciable LTB 4 x-hydroxylase activity. They also catalyzed x-hydroxylation of 6-trans LTB 4 , LXA 4 , PGA 1 , and several monohydroxy-eicosatetraenoic acids such as 5-HETE, 8-HETE, and 12-HETE (Table 1) . CYP4F1 was found to be the most active 4F in eicosanoid metabolism followed by CYP4F4, CYP4F5 and CYP4F6. Interestingly CYP4F4 activity was rather specific for LTB 4 as it showed no catalysis of any of the other eicosanoids tested. The kinetic parameters of CYP4Fs in catalyzing LTB 4 x-hydroxylation exhibit simple Michaelis-Menten kinetics over the range of substrate concentrations employed. While CYP4F1 has the highest apparent V max , CYP4F4 shows the lowest K m values (45.5 lM) against LTB 4 ( Table 2 ). The K m values of CYP4F1 (134.0 lM), CYP4F5 (129.0 lM) and CYP4F6 (100.9 lM) for LTB 4 all lie within a narrow range but the turnover numbers (nmol/min/nmol P450) for CYP4F5 (0.31) and 4F6 (0.24) are significantly lower in comparison to CYP4F1 (6.50) and 4F4 (4.02).
Determinations of transcription start sites and intron-exon distribution of CYP4F genes CYP4F genes form a close cluster on rat chromosome 7q11 suggesting gene duplication events. CYP4F6 and CYP4F1 are located closer together (on the + strand) in that order followed by CYP4F4 and CYP4F5 (on the À strand). The genomic organization reveals that CYP4F genes contain 13 exons that are quite similar in size (Supplementary Figure 1) . It is the size of introns that marks high diversity among these isoforms. All intron-exon boundaries conform to the gtÁ Á Áag rule and the exact boundaries and sizes for CYP4F1, 4F4 and 4F6 are shown in Supplementary Material Tables S3A, B, C and D. CYP4F5 genomic structure analysis was previously carried out [33] and was used here for comparative purposes. The different intron sizes result in different gene lengths for these isoforms. CYP4F1, 4F4, 4F5 and 4F6 genes span 11.52, 16.35, 14.5 and 29.76 kb, respectively (Supplementary Figure 1) . Also, the first exon of CYP4F genes only includes the 5 0 untranslated region (UTR), and the ATG initiation codon is located in exon 2 (Fig. 1) .
In order to analyze the proximal promoter region, the transcription start sites of CYP4F isoforms were determined. Interestingly, for CYP4F1, a mixture of PCR products with two different 5 0 -UTR sequences was amplified. These products include the same open reading frame sequence but with a 23-or 17-bp 5 0 -UTR ( Supplementary  Figure 1) . This result indicates that CYP4F1 gene transcription is initiated from two distinct sites. We named CYP4F1 mRNAs with 23 bp and 17 bp UTRs as CYP4F1A and CYP4F1B, respectively. The presence of the 17 bp sequence in only two out of the 10 clones from liver RNA and one out of six from brain RNA suggests that CYP4F1B accounts for only about 20% of total CYP4F1 mRNAs. Also, CYP4F1B mRNA contains only 12 exons such that the second exon of the CYP4F1A becomes the first exon in this case but with an addition of 17 bp from intron 1 on the 5 0 side ( Supplementary Figure 1) . This makes the first exon size for CYP4F1B 216 bp instead of 22 bp.
Transcription start sites of CYP4F genes are shown in the Supplementary Figure S2 . The transcription of CYP4F1A and CYP4F1B both start from a guanosine. For CYP4F4, transcription starts from a thymine located 18 bp upstream of the first nucleotide of the cDNA sequence originally identified by Kawashima and Strobel (1995) and this results in a 158 bp 5 0 -UTR [34] . CYP4F5 gene structure has been previously characterized and contains an 83 bp 5 0 -UTR [33] . CYP4F6 gene on the other hand was found to be transcribed from a cytosine resulting in an 88 bp 5 0 -UTR.
Isoform specific response of CYP4Fs to pro-and anti-inflammatory cytokines
To examine whether cytokine signaling regulates CYP4Fs under inflammatory circumstances, effects of some pro-and anti-inflammatory cytokines on CYP4F gene expression were tested (Fig. 1) . QRTPCR using Taqman assays where increases in fluorescence due to the cleavage of the reporter dye relative to the starting values of delta normalized reporter fluorescence (DR n ), were carried out and results were plotted against cycle number. C t values (the PCR cycle number required for fluorescence intensity to exceed an arbitrary threshold in the exponential phase of the amplification) were then determined for a series of standards. Standard curves were generated by plotting C t versus the log of the amount of amplicon for specific CYP4F isoform, and were used to compare the relative amount of a particular CYP4F mRNA in the samples. Typical C t values obtained for CYP4F1, 4F4, 4F5 and 4F6 in the whole liver were 20.5, 22.5, 30 and 23.5, respectively. C t values for all CYP4Fs in the 5 day cultured hepatocytes were around 2-3 cycles higher compared with intact liver samples.
IL-6 treatment of hepatocytes in particular induced CYP4F1, 4F4 and 4F5 levels whereas IL-10, an antiinflammatory cytokine, caused a sharp decline of these three forms. CYP4F6 expression remained unchanged in all these treatments. Quantitatively, CYP4F5 showed the largest increase from control after IL-1b (up to 2.7-fold at 8 h; up to 8-fold at 24 h ), IL-6 (up to 6.5-fold at 8 h; up to 16-fold at 24 h) and TNF-a (up to 4.6-fold at 8 h; statistically insignificant at 24 h) treatments all of which increased in amplitude at 24 h with respect to the time point 8 h except for TNF-a (P < 0.05). While CYP4F1 In vitro metabolism of various eicosanoid substrates was performed using recombinant CYP4Fs. The activities are represented as mean value of three independent examinations and standard errors. Reaction conditions were as described in Materials and methods section. Briefly, 6 pmol of CYP4F enzyme was incubated for a range of 60-100 lM of substrate for 20 min in 0.1 mL Hepes or sodium phosphate reaction buffer followed by x-hydroxylated metabolite determinations using previously described HPLC methods. * CYP4F1 values were previously reported in Kikuta et al. (1999) . N.D. stands for not detected. expression at 8 h showed an initial suppression of 70% upon IL-6 administration, the levels at 24 h were induced nearly 2.3-fold compared to control (P < 0.05). IL-1b treatment increased 4F1 expression by 30% at 24 h which is consistent with results previously reported [6] . TNF-a treatment similar to IL-6 resulted in approximately 80% reduction in 4F1 expression from control at 8 h (P < 0.05) but the suppression was lost by 24 h. As observed earlier at 24 h [6] , CYP4F4 expression after IL1b treatment was reduced to 40% of control. TNF-a, in contrast to IL-1b, led to the suppression of 4F4 much earlier with a nearly 60% decrease in expression observed at 8 h (P < 0.05). Like CYP4F5, IL-6 administration resulted in substantial induction of CYP4F4 mRNA both at 8 h (3-fold higher from control) and 24 h (7-fold higher from control) post-treatment (P < 0.05). Treatment of cells with the anti-inflammatory cytokine IL-10 for 8 h resulted in up to 90% reduction of CYP4F1 and 4F4 expression and 56% reduction in 4F5 mRNA levels (P < 0.05). This effect persisted for at least 24 h subsequent to IL-10 administration.
Involvement of STAT3 in IL-6 mediated induction of CYP4Fs
In order to test whether STAT3 was involved in IL-6 related CYP4F4 and 4F5 induction, STAT3 inhibitor peptide (STAT3ip), a highly selective and potent blocker of STAT3 activation [35] , was utilized. One-hour incubation of cells with the cell permeable analog of STAT3iP prior to IL-6 administration resulted in approximately 70% (at 8 h) and 50% (at 24 h) reduction of IL-6 stimulated Fig. 1 . Cytokine mediated regulation of CYP4F expression in primary hepatocytes. Rat hepatocytes were treated with either vehicle or IL-1b (5 ng/3 mL), IL-6 (5 ng/3 mL), TNF-a (5 ng/3 mL) and IL-10 (5 ng/3 mL). RNA was harvested at 8 h or 24 h post-treatment and expression of CYP4F isoforms quantitated by QRTPCR as described earlier. Each data point represents the mean ± SEM of five independent culture plates and is expressed as percent control. * Indicates P < 0.05 compared to control. Fig. 2 . STAT3 inhibitor partially blocks IL-6 stimulation of CYP4F4 and 4F5. Rat hepatocytes were treated with 100 lM Stat3iP or vehicle and an hour later challenged with IL-6 (6 ng/mL). RNA was harvested at 8 or 24 h post-treatment and expression of CYP4F isoforms quantitated by QRTPCR. Each data point represents the mean ± SEM of five independent culture plates and is expressed as percent reduction in CYP4F expression from IL-6 treatment at 8 or 24 h set as 100%. * Indicates P < 0.05 compared to control. CYP4F4 expression (P < 0.05) (Fig. 2) . CYP4F5 displayed a slower onset of inhibition by STAT3iP with nearly 30% reduction from IL-6 stimulated cells at 8 h that increased up to 58% at 24 h post-treatment (P < 0.05).
Autoinduction of CYP4Fs as a modality to contain cellular LTB 4 levels
One of the objectives of this study was to determine whether arachidonic acid or its proinflammatory metabolites LTB 4 and PGE 2 could affect CYP4F gene expression which could potentially regulate its own breakdown via CYP4F induction in hepatocytes. As shown in Fig. 3a , LTB 4 treatment resulted in a 50% increase in CYP4F5 mRNA expression from control at 8 h that persisted up to 24 h (P < 0.05). There was no significant effect of LTB 4 treatment on CYP4F1, 4F4 and 4F6 expression. Like LTB 4 , PGE 2 administration also caused induction of only CYP4F5 expression both at 8 h and 24 h post-treatment; however, the level of increase with PGE 2 was nearly 2-fold (P < 0.05). CYP4F4 in contrast showed a 40% decrease in expression from control at 8 h after PGE 2 treatment (P < 0.05). Treating the hepatocytes with combination of LTB 4 and PGE 2 resulted in larger induction of CYP4F5 expression than was produced by the individual agents at 8 h but this induction was diminished by 24 h. Mild decreases in CYP4F1, 4F4 and 4F6 levels were observed at 8 h upon combined LTB 4 and PGE 2 treatment. Arachidonic acid administration did not produce any significant change in CYP4F gene expression (Fig. 3a) . We also tested for the presence of the two LTB4 receptors, BLT1 and BLT2, in the liver and cultured hepatocytes (Fig. 3b) . Both BLT1 and BLT2 were easily detected in the whole liver. However, in the hepatocytes, BLT2 expression was much Fig. 3. (a) Effects of eicosanoid treatment on CYP4F expression in primary hepatocytes. Rat hepatocytes were treated with either vehicle or LTB 4 (1 lM), PGE 2 (0.3 lM), LTB 4 (1 lM) + PGE 2 (0.3 lM) and arachidonic acid (1 lM). RNA was harvested at 8 or 24 h post-treatment and expression of CYP4F isoforms quantitated by QRTPCR. Each data point represents the mean ± SEM of five independent culture plates and is expressed as percent control. * Indicates P < 0.05 compared to control. (b) BLT1 and BLT2 mRNA expression in rat liver and isolated hepatocytes. BLT1 and BLT2 reverse transcriptase PCR was done as described in the Materials and methods section. r-cyclophilin was used as a loading control. stronger than BLT1. A moderate up regulation of low affinity BLT2 receptor was seen after the LTB 4 treatment of hepatocytes in comparison to the vehicle treated controls.
Discussion
CYP4Fs metabolize LTB 4 to its inactive hydroxy products that are incapable of amplifying an inflammatory response [36] . Lipoxins, on the other hand are trihydroxyeicosanoids that are recognized as potent mediators in resolving inflammation [37] . Boucher et al. were the first to report that rat liver microsomes hydroxylate LXA 4 and LXB 4 at the x-or (x À 1)-position [38] . We have shown that LXA 4 is x-hydroxylated more rapidly than LTB 4 by the purified CYP4F1 but 4F1 has no activity toward LXB 4 . Since CYP4F1 can metabolize both proand anti-inflammatory eicosanoids, we speculate that hepatic regulation of this isozyme may be critical in the adaptive response to inflammation.
Bylund et al. showed that CYP4F5 and 4F6 prefer to hydroxylate LTB 4 at the x À 1 and x À 2 positions, respectively [20] . Our results are consistent with their findings as we see minimal catalysis of LTB 4 at the x-position by CYP4F5 and 4F6. Although CYP4F1 and 4F4 x-hydroxylated both LTB 4 and 6-trans LTB 4 , the low activity observed for CYP4F5 and 4F6 was specific to LTB 4 and no metabolism of 6-trans LTB 4 was seen. The first committed step in LTB 4 biosynthesis is the formation of leukotriene A 4 (LTA 4 ) by 5-lipoxygenase. LTA 4 hydrolase hydrates this triene epoxide to LTB 4 which plays an important role as a chemotactic factor for the human PMNL [3] . In addition, there is a competitive non-enzymatic hydrolysis of LTA 4 leading to the formation of epimeric dihydroxyeicosatetraenoic acid, 6-trans-LTB 4 . Although 6-trans-LTB 4 is substantially less potent compared to the enzymatic product LTB 4 , there is evidence to suggest that it retains significant biological activity [39] .
Among several HETEs examined, 8-HETE was found to be the most efficient substrate for the recombinant CYP4F1. 8(S)-HETE is generated from arachidonic acid by 8(S)-lipoxygenase, which was reported to be located in the mouse skin and inducible by treatment with phorbol esters [40] . At present, the exact physiological and pathophysiological roles of 8(S)-HETE remain to be elucidated. CYP4F5 and CYP4F6 on the other hand showed activities for LXB 4 and 12-HETE. Hence the data from this study in conjunction with other recent reports [36] strengthen the notion that the CYP4F subfamily previously thought to be specific in LTB 4 catalysis has a much broader range of substrates. Moreover, the ability of CYP4F isozymes to produce site-specific eicosanoid metabolites [20, 41, 42] , the biological roles of which remain unknown, may provide them an isoform-specific function. Therefore, it seems reasonable to explore their detailed tissue-specific regulation and expression to gain more insights into their functional properties.
The acute phase response is characterized by a coordinate change in the production of hepatic and plasma proteins acting additively or synergistically to protect the host. Many of these proteins are directly or indirectly regulated by cytokines such as IL-1, IL-6 and TNF-a [43] . Previous studies from our laboratories demonstrated that hepatic CYP gene expression is transcriptionally altered by lipopolysaccharide treatment in a pattern of response consistent with an acute phase reaction [6, 25, 43, 44] . It will be interesting to determine if the interaction of these transcription factors with the regulatory region of the CYP4F genes is responsible for such alterations.
In an effort to test whether IL-6 regulates CYP4Fs, we studied its effects on isolated hepatocytes and found that IL-6 induces CYP4F mRNA expression. One signal transduction pathway that leads to induction of target gene expression after cytokine stimulation is the Janus kinase (Jak)-signal transducer and activator of transcription (STAT) pathway [45, 46] . IL-6 acts principally via the IL-6 receptor-gp130 glycoprotein complex. Upon receptor activation, latent cytoplasmic transcription factors STATs are selectively recruited to the receptor chains via interaction between the SH2 domain of the STATs and the receptor tyrosine phosphopeptides [45] . Recruited STATs are phosphorylated on a specific tyrosine residue and then dissociate from the receptor, form homo-and heterodimers that translocate to the nucleus, bind to cognate DNA response elements, and activate target gene transcription [45, 46] . STAT3 is one of these latent cytoplasmic transcription factors that control the expression of many genes in response to an IL-6 stimulus.
STAT3iP has been developed as a highly selective and potent inhibitor that suppresses STAT3 activation mediated by Src [35] . We found that STAT3iP partially abrogated IL-6 stimulation of CYP4F4 and 4F5 expression. Thus the upregulation of CYP4F isoforms by IL-6 is, at least to a certain extent, controlled by STAT3 dimerization and subsequent nuclear translocation. Apart from STAT3, C/EBPs also have the ability to regulate hepatic response to IL-6 resulting in activation or repression of transcription [47] . It is suggested that this protein contributes to the regulation of the acute-phase response of the liver. Since putative C/EBP binding sequences are predicted on CYP4F promoters, it is possible that they also contribute to the inductive response of CYP4Fs associated with IL-6.
In addition to IL-6, TNF-a was also able to induce CYP4Fs; however, the induction time was more rapid with TNF-a. IL-10 on the other hand produced a significant decrease in CYP4F expression. These findings are especially interesting since IL-10 is a pleiotropic cytokine that controls many inflammatory processes [48] . The anti-inflammatory effects of IL-10 are achieved through the suppressed production of inflammatory proteins such as IL-1, IL-6, IL-8, IL-12, TNF, granulocyte-macrophage colony stimulating factor and granulocyte colony stimulating factor [48, 49] . Thus the inhibitory effect on CYP4F expression caused by IL-10 could be due to the suppression of the constitutive pathways, which are directed by the factors responsible for basal expression of CYP4Fs. On the other hand, it is possible that IL-10 exerts a direct transcriptional control on CYP4F gene regulation. Nevertheless, the opposite regulation of CYP4Fs by pro-and anti-inflammatory cytokines provides a platform to modulate an inflammatory response. For instance, the release of pro-inflammatory cytokines during early phases might curtail progression of inflammation by up regulating hepatic CYP4F mediated breakdown of LTB 4 and HETEs, both of which augment inflammatory responses. Accordingly in the resolution phase, where eicosanoid production switches from proinflammatory leukotrienes and prostaglandins to inflammation-resolving lipoxins [50] [51] [52] , anti-inflammatory cytokines may facilitate repair by suppressing CYP4F mediated lipoxin breakdown. However, inherent to the lower CYP4F expression in the hepatocytes in comparison to the intact liver, the proposed cytokine regulation of CYP4Fs must be validated in vivo.
Lastly, we demonstrate that hepatocytes subjected to high concentrations of arachidonic acid, LTB 4 or PGE 2 show no upregulation of CYP4F1, 4F4 and 4F6. Even though LTB 4 and PGE 2 both induce CYP4F5 mRNA expression, the low catalytic activity of CYP4F5 in comparison to CYP4F1 and 4F4 does not support a prospective feedback mechanism in which LTB 4 may induce its own metabolism. Consistent with our results, Fiedler et al. have reported unchanged LTB 4 metabolism after pre-treatment of rat hepatocytes with the substrate LTB 4 [53] . Although both high and low affinity LTB 4 receptors namely BLT1 and BLT2 were detected in the whole liver, BLT2 was much more abundant in the hepatocytes compared to BLT1. This means that BLT1 receptor expression in the liver is primarily in the cell types other than hepatocytes. These could be the macrophages, PMNLs or other cells associated with immune surveillance function. This is consistent with the previously published expression profiles of these two receptors in humans and mice [54] . Interestingly we found that BLT2 mRNA was modestly up regulated by LTB 4 treatment but its significance in CYP4F regulation is not yet clear. Taken together the high expression of BLT2 and relatively high dose of LTB 4 used in this study, CYP4F5 induction after LTB4 treatment seems to be mechanistically related to the BLT2 rather than BLT1 signaling.
In summary, our findings provide evidence that cytokines regulate levels of CYP4F enzymes, which not only catabolize LTB 4 but also take part in catalysis of other eicosanoids in the arachidonic acid cascade. Of potential interest is the identification of the pathways and transcription factors that govern expression of CYP4F isoforms during inflammation since some of the 4F substrates have counter-regulatory functions.
